INTRODUCTION
Skeletal muscle cells are complex multinucleated structures that specialize in contractile movement. Muscle growth and development from embryonic to adult stages demands orchestrated changes in gene expression leading to muscle maturation. Despite their post-mitotic nature, skeletal muscles maintain remarkable plasticity, and, like most postnatal tissues, the regenerative potential of skeletal muscle is maintained by a pool of resident adult stem cells. Lifelong maintenance of muscle mass and regenerative potential depends on the continuing presence of a functional pool of self-renewing muscle-derived satellite cells (MDSCs) [1] , which reside between the basement membrane and the myofibre sarcolemma. When the muscle tissue is subjected to injury, stretching, or exercise, MDSCs are activated and subsequently divide and differentiate into myoblasts [2] . Primary MDSC cultures have been utilized in various studies aimed at developing novel medical applications [3] , enhancing our understanding of muscle physiology, as well as for the production of meat products in vitro [4] . The formation and differentiation of muscle cells involves an extremely complex regulatory process, and culturing of MDSCs has become a popular model system for research in developmental biology and MDSC differentiation. Transcriptional profiling of differentiating MDSCs will help to enhance our understanding of the molecular mechanisms underlying muscle development. Furthermore, the results of such an analysis may help identify candidate genes necessary for enhancing both muscle production and quality in cattle and other livestock. In this study, to characterize the differentiation process, we examined the transcriptomes of cultured MDSCs prior to differentiation (MDSC-P; 0 h), during early differentiation (MDSC-D1; 24 h post induction), and during late differentiation (MDSC-D3; 72 h post-induction). Transcriptional profiles were obtained by extracting total RNA from MDSCs at each stage and subjecting the samples to high throughput sequencing. We then performed a systematic and comprehensive analysis of the functions and biological processes associated with genes that exhibited differential regulation during cell differentiation.
MATERIALS AND METHODS

Ethical statement
The protocol utilized in this study for the harvesting of cells from animal tissues was approved by the Animal Care Commission of the Northeast Agricultural University and Heilongjiang, P.R. China. Skeletal muscle tissues from newborn Chinese Simmental calves were obtained from the Shuangcheng abattoir, a local slaughterhouse in Heilongjiang, P.R. China.
Isolation and culturing of MDSCs
MDSCs were isolated from the hindlimb muscle tissues of newborn Chinese Simmental calves (n = 3). Skeletal muscle tissues were pooled, finely minced, and digested by treatment with 0.2% collagenase XI (Sigma-Aldrich, St. Louis, MO, USA) for 1 h followed by treatment with 0.25% trypsin (Sigma) for 30 min. Digestion was halted by addition of digestive termination medium, composed of PBS and 10% FBS, and the resulting muscle cell mixture was filtered through a 400 mesh screen. The cells were collected by centrifugation at 800 × g, washed once with PBS, and aliquoted into cell culture plates. Culture plates were coated with poly-lysine (Sigma), and MDSC culture medium was added to each well of the plate prior to seeding; cultures were incubated at 37°C in a humidified atmosphere containing 5% CO 2 . MDSC culture medium was composed of Dulbecco's modified Eagle's medium (DMEM, High glucose; Gibco, Grand Island, NY, USA), 20% fetal bovine serum (FBS; Gibco), 10% horse serum (Gibco), 100 IU/ml penicillin, and 100 IU/ml streptomycin (Gibco). MDSCs were then purified from the plates using the differential adhesion method described by Gharaibeh et al. [5] . The cells with slowly adhering cell (SAC) fraction containing muscle-derived stem cells were obtained after about 5 days from the beginning of the cell isolated from the skeletal muscle tissues, and were cultured in MDSC culture medium for an additional two to three days, until the culture achieved greater than 90% confluency. The cells were then harvested seeded at an appropriate density for the subsequent experiments included immunofluorescence characterization of MDSCs and MDSCs induced to different differentiation states for RNA high throughput sequencing.
Differentiation and characterization of MDSCs
MDSCs were seeded into 6-well culture plates at 4 × 10 4 cells per well, and incubated with differentiation medium (DMEM supplemented with 2% horse serum). The cells were cultured at 37°C in a humidified atmosphere containing 5% CO 2 . To assess for cell differentiation, the detection of specific cell markers by immunofluorescence microscopy was performed prior to differentiation (MDSC-P; 0 h), at the early differentiation stage (MDSC-D1; 24 h), and at the late differentiation stage (MDSC-D3; 72 h), according to the procedure described by Tong et al. [6] . Cells on cover slips were fixed with methanol at -20°C for 10 min, and then washed with tris buffered saline (TBS). Immunochemical staining was carried out following the manufacturer's instructions. In brief, cells were incubated for 1 h with TBS containing 5% bovine serum albumin (BSA), washed once with TBS containing 0.1% Triton X-100 (TBSt), and incubated with a primary antibody specific to SCA-I, CD34, desmin (DES), alpha actin1 (ACTA1), or myosin heavy chain 2 (MYH2) (Santa Cruz Biotechnology Inc., Dallas, TX, USA) respectively at proper dilutions for 60 min at 37°C. Cells were then rinsed three times with TBSt and incubated with corresponding FITC or TRITC-conjugated secondary antibodies (Santa Cruz Biotech.) for 60 min at 37°C. Cells were rinsed three times with TBSt and incubated in 4, 6-diamino-2-phenylindole (DAPI) for 5 min for visualization of nuclei. Cells were again rinsed three times with TBSt for observation.
RNA extraction
Total RNA was extracted from MDSC-P, MDSC-D1, and MDSC-D3 stage cells (n = 3/ time point) using the Trizol method (Invitrogen, Waltham, MA, USA), according to the manufacturer's instructions. RNA was quantified with a NanoDrop 2000 Spectrophotometer (Thermo Scientific, Waltham, MA USA), and sample quality and integrity was determined by assessing the A 260 /A 280 ratio.
Experimental procedure for RNA high throughput sequencing Oligo(dT) magnetic beads adsorption was used to purify mRNA from the total RNA samples, and the Oligo(dT) was then used as a primer for cDNA synthesis. After linear PCR amplification, cDNA fragments were purified by polyacrylamide gel electrophoresis (PAGE), and an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and an ABI StepOnePlus RealTime PCR System (Life Technologies, Carlsbad, CA, USA) were used for quantification and qualification of the sample library. The library was sequenced using an Illumina HiSeq™ 2000 system (Illumina, Inc., San Diego, CA, USA).
Screening of differentially expressed genes
Based on the previous publication "The significance of digital gene expression profiles" by Audic et al. [7] , we developed a rigorous algorithm to identify genes that were differentially expressed between the MDSC-D1 and MDSC-P (MDSC-D1/P), MDSC-D3 and MDSC-P (MDSC-D3/P), and MDSC-D3 and MDSC-D1 (MDSC-D3/D1) stages. P value corresponds to differential gene expression test. The false discovery rate (FDR) method was used to determine the threshold P value for multiple tests and analyses through the manipulation of FDR values. We used "FDR ≤ 0.001 and the absolute value of the Log2-ratio ≥ 1" as the threshold to judge the significance of differences in gene expression. More stringent criteria, including a lower FDR and larger fold-change values, were also used to identify differentially expressed genes.
Gene Ontology enrichment analysis for differentially expressed genes
Gene Ontology (GO) is an international, standardized gene function classification system that offers a dynamic-updated controlled vocabulary and a strictly defined concept to comprehensively describe properties of genes and their products in any organism. GO divides genes into three ontology categories: cellular component (GO-C), molecular function (GO-F), or biological process (GO-P). The basic unit of GO is the GO-term, and each GO-term belongs to an ontological category. For gene expression profiling, GO enrichment analysis applies a hypergeometric test to map all differentially expressed genes to terms in the GO database (http://www.geneontology.org/), and to search for significantly enriched GO terms among the differentially expressed genes compared to the background genome.
The calculating formula used was:
where N was the total number of genes with a particular GO annotation; n was the number of differentially expressed genes in N; M was the total number of genes that were annotated with certain GO terms; and m was the number of differentially expressed genes in M. GO analysis was carried out for the MDSC-D1/P, MDSC-D3/P, and MDSC-D3/D1 comparisons, respectively.
Pathway enrichment analysis for differentially expressed genes
Pathway-based analysis was helpful to further understand the biological functions of genes. The Kyoto Encyclopedia of Genes and Genomes (KEGG) was the major public pathway-related database [8] . Pathway enrichment analysis was used to identify significantly enriched metabolic or signal transduction pathways by comparing differentially expressed genes with the whole genome background. The analyses were carried out to analyze the data from the MDSC-D1/P, MDSC-D3/P, and MDSC-D3/D1 comparisons, and the calculating formula used was the same as that for the GO analysis.
Quantitative real-time PCR
To confirm the differentiation states of MDSCs, the expression levels of the ACTA1, myosin heavy chain 2 (MYH2), MYH3, DES, tropomyosin 1 (TPM1), and tropomyosin 3 (TPM3) genes were measured by quantitative real-time PCR (qPCR) in MDSC-P, MDSC-D1, and MDSC-D3 cell populations. Furthermore, another ten genes were detected to confirm RNA sequencing analysis. The genes analyzed and PCR primers used are included in Supplementary Table 1 in Supplementary material at 10.1515/cmble-2015-0019_sm1. Primers were designed using Primer Premier 5.0 software and synthesized by Invitrogen. cDNA was generated from RNA samples (2 μg) using Superscript III polymerase (Invitrogen), and cDNA samples were quantified with a Nanodrop ND-1000 spectrophotometer (Thermo Scientific). qPCR mixtures contained 10 ng cDNA, 300 nM primer mix, and POWR SYBR Green Master Mix, and experiments were conducted using an Applied Biosystems 7300 thermocycler system (Applied Biosystems, Carlsbad, CA, USA). Data were analyzed by the 2 -ΔΔCt method [9] , and the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as a reference.
RESULTS
Induction of MDSC differentiation
The percentage of muscle satellite cells was determined by immunofluorescence staining of SCA-I, CD34 and DES, which revealed their stem cell properties (Fig. 1A) . The proliferation rate of MDSCs in subculture was significantly increased at MDSC-P, compared to the other stages. After induction with 2% horse serum, MDSCs fused and formed short myotubes by the MDSC-D1 stage. Meanwhile, by MDSC-D3 the cell density had increased, the amount fusion between cells had become more extensive, multinucleated myotubes had formed, and the length of the myotubes had increased significantly (Fig. 1B ). ACTA1 and MYH2 were observed in these multinucleated myotubes, indicating the high purity of the MDSCs ( Fig. 1C and D). ACTA1, MYH2, MYH3 and DES are muscle-specific genes whose products are involved in MDSC fusion, while TPM1 and TPM3 produce actin bundling proteins involved in skeletal myofibrils. As such, the expression levels of these genes could reflect the fusion index of MDSCs. After induction of differentiation, the mRNA expression levels of these structural genes increased gradually and significantly at both MDSC-D1 and MDSC-D3 by quantitative real-time PCR (Fig. 1 E) . These findings therefore indicate that MDSC-P, MDSC-D1, and MDSC-D3 correspond to the cell state prior to MDSC differentiation and the cell states during early differentiation and late differentiation, respectively.
Evaluation of sequencing quality
The distribution of the total tag and distinct tag samples from MDSC-P, MDSC-D1, and MDSC-D3 (Supplementary Fig. 1 in Supplementary material at 10.1515/cmble-2015-0019_sm1) were used for sequence quality assessment. In addition, saturation analysis was performed to verify whether the number of genes detected increased as the sequencing amount (total tag number) increased (Supplementary Fig. 2 in Supplementary material at 10.1515/cmble-2015-0019_sm1). The distribution of clean tag expression ( Supplementary Fig. 3 in Supplementary material at 10.1515/cmble-2015-0019_sm1) was used to evaluate the normality of the data. The results of these analyses demonstrated that all samples (MDSC-P, MDSC-D1, and MDSC-D3) were sequenced successfully, and that the sequencing quality was sufficient for further analysis.
Global gene expression analysis
After removal of contaminant tags, 11,515,321 clean tags were obtained from the MDSC-P library, 11,577,858 from the MDSC-D1 library, and 11,266,575 from the MDSC-D3 library. The number of distinct clean tags detected in the MDSC-P library was 204,260. Meanwhile, 203,252 and 215,080 distinct tags were obtained in the MDSC-D1 and MDSC-D3 libraries, respectively. The percentage of unique maps to gene tags was 67.84%, 65.88%, and 65.35%, and the percentage of unknown tags was 10.33%, 11.48%, and 11.12% in the MDSC-P, MDSC-D1, and MDSC-D3 samples, respectively. Details of data statistics are included in Table 1 . All sequences with raw tags have been deposited in an open access repository at the NCBI Sequence Read Archive (SRA). The Bio Sample accession numbers are SAMN02434890, SAMN02434891, SAMN02434892, and the Bio Project ID is PRJNA230870. Sequencing-received raw image data was transformed by base calling into sequence data, which was called raw data or raw tags. Raw sequences had 3' adaptor fragments as well as a few low-quality sequences and several types of impurities. Raw sequences were transformed into clean tags after certain steps of data-processing. Distinct clean tags represented all types of clean tags. Unknown Tags represented not match to genome sequence.
Detection of differentially expressed genes at each stage
The expression levels of known mRNAs within each sample are depicted with plots of Log2-ratios and with scatter plots (Fig. 2) . The details of some differentially expressed genes are included in Supplementary Table 2 in Supplementary material at 10.1515/cmble-2015-0019_sm1 and all data regarding differentially expressed genes included in Supplementary Table 3 in Supplementary material at 10.1515/cmble-2015-0019_sm2. Of the 9,924 mRNAs that were assessed in the MDSC-D1/P comparison, 2,026 exhibited enhanced expression, 5,773 exhibited similar levels of expression, and 2,125 exhibited reduced expression during early differentiation. Meanwhile, the 10,023 MDSC-D3/P mRNAs examined consisted of 2,508 that exhibited enhanced expression, 5,134 that were expressed at similar levels, and 2,381 that exhibited reduced expression, and the 9,948 MDSC-D3/D1 mRNAs examined consisted of 1,243 sequences that were up-regulated, 7,842 that were expressed at similar levels, and 863 that were down-regulated during late differentiation (Fig. 3) . The ten genes that exhibited the highest levels of enhanced or reduced expression at MDSC-D1/P, MDSC-D3/P, and MDSC-D3/D1 are included in Table 2 and Table 3 , respectively. Further details regarding these genes above are included in Supplementary Table 3 in Supplementary material at 10.1515/cmble-2015-0019_sm2. The solute carrier family 9 (sodium/hydrogen exchanger), member 3 regulator 2 (SLC9A3R2) gene exhibited a 9.78-fold increase in expression in the MDSC-D1/P comparison, which was the highest level of up-regulation observed during early differentiation compared to predifferentiation. Notably, this gene encodes a protein that is predicted to play a role in the development of muscle tissue [10, 11] ; as such, the biological function of this molecule warrants further study. The myosin-binding protein C, slow-type (MYBPC1) gene, which encodes a protein that mediates recruitment of muscle-type creatine kinase (CK) to myosin [12] and regulates muscle cell contraction, exhibited the highest level of up-regulation in the MDSC-D3/P comparison, with an 11.87-fold increase. Another group of genes that exhibited significant increases in expression at both MDSC-D1/P and MDSC-D3/P belonged to the small leucine-rich proteoglycan (SLRP) family. SLRPs are involved in the initial triggering of multiple cellular responses [13] . ECM2, a class I SLRP that is linked with extra-cellular structure organization, exhibited a 9.49-fold and 10.37-fold increase in expression in the MDSC-D1/P and MDSC-D3/P comparisons, respectively. Furthermore, PODN, a class V SLRP gene that is linked to cell migration and proliferation, was up-regulated by 9.48-fold and 11.19-fold at MDSC-D1/P and MDSC-D3/P, respectively. The 14-3-3 protein sigma (SFN) gene exhibited the highest increase (9.04-fold) in expression level in the MDSC-D3/D1 comparison. This gene encodes a protein that regulates various cellular activities by binding and sequestering phosphorylated proteins. Furthermore, it was suggested that SFN promotes premitotic cell-cycle arrest following DNA damage, and that its expression can be controlled by the tumor suppressor p53 [14] . Notably, the genes encoding the ATP-binding cassette sub-family G member 1 (ABCG1), the 5'-AMP-activated protein kinase subunit gamma-3 isoform 3 (PRKAG3, also known as AMPK), and aquaporin-7 (AQP7), which are involved in lipid metabolism, were among the ten genes exhibiting the highest levels of up-regulation in the MDSC-D3/D1 comparison. The ABCG1 gene product plays a critical role in lipid homeostasis by controlling both tissue lipid levels and the efflux of cellular cholesterol to HDL [15] . Meanwhile, aquaporin-7, which is expressed in adipocyte plasma membranes, was shown to efflux glycerol and water. AQP7 deficiency resulted in defective glycerol efflux and the subsequent accumulation of glycerol and triglycerides. Therefore, enhanced AQP7 expression/function in adipocytes might reduce adipocyte volume and fat mass in individuals with obesity [16] .
Lastly, AMPK is present in all eukaryotes and encodes a metabolic stress sensor that plays a key role in carbohydrate and lipid metabolism in glycolytic skeletal muscle [17] .
The genes encoding Myb-related protein A (MYBL1; 9.13-fold), and proteinglutamine gamma-glutamyltransferase E (TGM3; 12.6-fold) exhibited the highest level of reduced expression in the MDSC-D1/P and MDSC-D3/P comparisons. Myb-related protein A is predicted to play a role in the regulation of cell cycle progression [18] ; however, the biological function of this molecule requires further study. Meanwhile, the TGM3 gene product is expressed during the late stages of terminal differentiation in epidermal cells and in certain cell types within hair follicles [19] . The role of this protein in muscle differentiation, however, is unclear. Many of the genes exhibiting reduced expression during differentiation encoded proteins that play crucial roles in the cell cycle. Of these, the gene encoding ATPase family AAA domain-containing protein 5 (ATAD5), which is involved in DNA replication, exhibited the highest level of downexpression at MDSC-D3/P (9.32-fold) and MDSC-D3/D1 (7.36-fold) [20] . Indeed, ATAD5 exhibited the most significant reduction in expression during late differentiation compared to the early differentiation stage.
Gene Ontology analysis
The ten genes categorized as GO-P, GO-F, and GO-C with the most statistically significant P values from the MDSC-D1/P, MDSC-D3/P, and MDSC-D3/D1 comparisons, respectively, are listed in Table 4 . The GO-P analysis indicated that GO terms in both the MDSC-D1/P and MDSC-D3/P comparisons were enriched with genes necessary for cell cycle phase, cell cycle processes, nuclear division, and mitosis. Other genes that exhibited increased levels of expression at MDSC-D1/P and MDSC-D3/P were related to cellular processes such as organelle organization, nuclear division, organelle fission. These data suggest that cell cycle progression was the predominant cellular process during the MDSC differentiation induced by 2% horse serum. From the results of the GO-F analysis, we determined that the GO terms during differentiation were enriched in genes encoding proteins with various enzymatic activities, including oxidoreductase, DNA helicase, hydrolase, isomerase, nucleoside-triphosphatase, exonuclease, and intramolecular transferase activities. Additionally, GO-F genes that encode proteins with binding activities that might contribute to cell cycle progression, such as cytoskeletal protein binding and adenyl ribonucleotide binding, were detected in the MDSC-D1/P and MDSC-D3/P comparisons. Lastly, the GO-C category of the MDSC-D1/P and MDSC-D3/P was enriched in genes located in the nucleus and in organelles, which was consistent with the results of the GO-P and GO-F analyses. GO terms in the MDSC-D3/D1 comparison were enriched in genes encoding proteins involved in muscle contraction, muscle system process, striated muscle tissue development, and muscle tissue development. The results of the GO-F analysis indicated that the GO terms were enriched in genes with cytoskeletal protein binding, protein binding, oxidoreductase activity, and actin binding activities, and the GO-C analysis detected enrichment of genes involved primarily in the formation of contractile fibers, myofibrils, sarcomeres, contractile fiber part, the actin cytoskeleton, myosin complexes, and I bands. These results indicate that late differentiation, compared to early differentiation, of bovine MDSCs was characterized by the expression of a wide variety of molecules that strongly alter biological events related to muscle development.
Pathway enrichment analysis
Using the KEGG database for pathway enrichment analysis, we successfully assigned KEGG orthologs to 225/2,230, 227/2,777, and 199/621 differentially expressed query genes from the MDSC-D1/P, MDSC-D3/P, and MDSC-D3/D1 comparisons, respectively. The genes that exhibited statistically significant P values after this analysis were listed in Table 5 . The pathway annotations of the data from both the MDSC-D1/P and MDSC-D3/P comparisons were enriched in genes with functions necessary for DNA replication, cell cycle progression, mismatch repair, and the p53 signaling pathway. Muscle contraction, muscle system processes, muscle tissue development, and striated muscle contraction were the major pathway annotations in the MDSC-D3/D1 comparison. 
DISCUSSION
Skeletal muscle development
Skeletal muscle development consists of a controlled progression of multiple cellular processes, including cell proliferation, migration, and differentiation.
However, there are still several unanswered questions regarding the roles of these processes during skeletal muscle development. The GO and pathway enrichment analyses of the MDSC-D3/D1 data ( Table 4 and , and titin-cap (TCAP), were significantly up-regulated in both MDSC-D1 and MDSC-D3. Meanwhile, the expression patterns of genes related to skeletal muscle development were also altered during MDSC differentiation. Myocyte enhancer factor 2C (MEF2C), a transcription activator that binds specifically to the MEF2 element and was shown respond to multiple calcium-regulated signals to control skeletal muscle fiber types [21] , exhibited a 2.5-fold increase in expression in the MDSC-D3/D1 comparison, which may indicate that the myocyte enhancer factor 2C protein plays a crucial role during the MDSC differentiation process. SRSF protein kinase 3 (SRPK3), which plays an critical role in muscle growth and homeostasis, was up-regulated 2-fold at MDSC-D3/D1 [22] , and integrin beta 1 binding protein 3 (ITGB1BP3), which promotes cell differentiation, exhibited a 1.5-fold increase in expression during late differentiation compared to early differentiation [23] . Additionally, our GO-P analysis indicated that CHRNA1, which encodes the cholinergic receptor and was up-regulated by 1.0-fold and 1.2-fold at MDSC-D1 and MDSC-D3 compared to MDSC-P respectively, may be involved in skeletal muscle fiber development. Likewise, BOC, which encodes the Brother of CDO precursor protein, exhibited a 2.9-fold and 3.4-fold increase in expression at MDSC-D1 and MDSC-D3, respectively; the GO-P analysis indicated that this gene may be involved in regulation of myoblast differentiation (GO-P results of CHRNA1 and BOC are included in Supplementary Table 2 in Supplementary material at 10.1515/cmble-2015-0019_sm1 and Supplementary Table 3 in Supplementary material at 10.1515/cmble-2015-0019_sm2). To the best of our knowledge, this is the first indication that CHRNA1 and BOC are involved in the development of bovine skeletal muscle, and our results indicate that these genes could be used as novel candidates for investigating bovine muscle cell development. Additionally, these findings have provided valuable insight into the biology of the bovine MDSC differentiation.
Cell cycle progression
The results of GO-P and pathway enrichment analyses of the MDSC-D1/P and MDSC-D3/P comparisons indicated that cell cycle progression was the predominant cellular process during the differentiation of MDSCs induced by 2% horse serum. The majority of the genes involved in cell cycle progression were down-expressed during the differentiation of MDSCs in this study. For example, the mRNA expression of cyclin-dependent kinase 7 (CDK7) was down-expressed 1.2-fold and 1.4-fold, cyclin-dependent kinase1 (CDK1) exhibited a 3.7-fold and 4.3-fold decrease in expression, cyclin B1 (CCNB1) was down-expressed 3.8-fold and 4.7-fold, cyclin B2 (CCNB2) was down-expressed 2.7-fold and 2.9-fold, cyclin D2 (CCND2) exhibited a 1.0-fold and 2.2-fold decrease in expression, and cell division cycle 25B (CDC25B) was downexpressed 2.6-fold and 3.0-fold at MDSC-D1 and MDSC-D3, respectively. Conversely, there was a 2.5-fold and 3.3-fold increase in the expression of the cell cycle inhibitor cyclin-dependent kinase inhibitor 2B (CDKN2B) at MDSC-D1 and MDSC-D3, respectively. Further details regarding the differential expression of genes involved in cell cycle progression are included in Supplementary MDSCs cultured in vitro can proliferate and differentiate to produce multinucleated myotubes through self-renewal. In contrast, skeletal muscle cells are a terminally differentiated cell type. As specialized cells they are unable to proliferate, and are generally believed to be irreversibly restricted to the G 0 state. MDSCs formed multinucleated myotubes upon exposure to 2% horse serum at MDSC-D1 and MDSC-D3. These findings indicated that the cells were unable to proliferate in vitro, and that they had exited the cell cycle. Our sequencing results regarding expression of genes involved in cell cycle progression provide useful information for understanding the regulation of this process during the growth and differentiation of MDSCs and other muscle cells.
Cellular metabolic processes
In addition to skeletal muscle development and cell cycle progression, we found that cellular metabolism was an important biological process during the differentiation of MDSCs. Pathway enrichment analysis showed that 89 differentially expressed genes occupied at 14.33% with pathway annotation related to metabolic pathways in MDSC-D3/D1. In addition, nicotinate and nicotinamide metabolism, steroid biosynthesis, and the PPAR signaling pathway, which is known to regulate lipid metabolism [24] , were among the most significantly up-regulated pathways in the MDSC-D3/D1 comparison (Table 5 ). This study is therefore the first to suggest that lipid metabolism might be the predominant metabolic pathway during the differentiation of MDSCs. Indeed, ABCG1, AMPK, and AQP7, which are involved in lipid metabolism, were among the ten genes exhibiting the highest levels of increased expression among the differentially expressed genes at MDSC-D3/D1. Furthermore, this was consistent with the results of pathway enrichment analysis. Glycogen metabolism was also activated during MDSC differentiation. Genes involved in this process, including those that encode the phosphorylase, glycogen, muscle (PYGM), amylase alpha 2B (AMY2B), glycogen synthase 1 (GYS1), and UDP-glucose pyrophosphorylase 2 (UGP2) proteins were significantly up-regulated at both MDSC-D1/P and MDSC-D3/P. Additionally, fatty acid biosynthesis appeared to be altered in cultured MDSCs during differentiation, as we detected increased expression of the ELOVL fatty acid elongase 3 (ELOVL3), and ELOVL fatty acid elongase 7 (ELOVL7) genes and decreased expression of the degenerative spermatocyte homolog 1, lipid desaturase (Drosophila) (DEGS1) gene in the differentiation stages compared to the pre-differentiation stage. Meanwhile, the expression levels of certain genes involved in fatty acid beta-oxidation, including the ATP-binding cassette subfamily D member 1 (ABCD1), sterol carrier protein 2 (SCP2), and peroxisomal carnitine O-octanoyltransferase (CROT) genes, increased significantly during differentiation. MDSCs, like all other cells, require energy to carry out the reactions necessary for life. Both proliferating and differentiating cells must rapidly generate new biomass in the form of nucleotides, proteins, and phospholipids to support rapid cell division and growth [25] . The expression levels of certain genes encoding enzymes involved in the tricarboxylic acid cycle (TCA) were altered during differentiation. Succinate dehydrogenase complex, subunit D (SDHD), isocitrate dehydrogenase 3 (NAD+) beta (IDH3B), succinate-CoA ligase, and alpha subunit (SUCLG1) exhibited enhanced expression, while oxoglutarate (alphaketoglutarate) dehydrogenase (OGDH) exhibited decreased expression during this process. Additionally, we found that genes involved in oxidative phosphorylation (OXPHOS), including the cytochrome c oxidase subunit VIIa polypeptide 1 (COX7A1), ATPase lysosomal V1 subunit C2 (ATP6V1C2), cytochrome c oxidase subunit 7B2 (COX7B2), and cytochrome c oxidase subunit VIII-H (COX8B) genes, were up-regulated significantly during MDSC differentiation. These findings indicate that the energy supply plays an important role during the differentiation of MDSCs. Further information regarding these differentially expressed genes is included in Supplementary Table 2 in Supplementary material at 10.1515/cmble-2015-0019_sm1 and Supplementary Table 3 in Supplementary material at 10.1515/cmble-2015-0019_sm2.
CONCLUSION
In summary, our RNA high throughput sequencing analysis of bovine MDSCs cultured in vitro offers important insights into the process of skeletal muscle development, cell cycle progression, and cellular metabolism. We detected changes in the expression of many important functional genes, which enhances our understanding of the molecular mechanisms governing MDSC differentiation. Further investigation of the genes identified in this study will facilitate our understanding, and help to explain the mechanism responsible for producing skeletal muscle mass.
Conflict of interest.
The authors have no conflicts of interest to declare.
